One-third of men with type 2 diabetes have hypogonadotropic hypogonadism (HH). We conducted a randomized placebo-controlled trial to evaluate the effect of testosterone replacement on insulin resistance in men with type 2 diabetes and HH.
The first report of frequent occurrence of subnormal free testosterone concentrations in males with type 2 diabetes demonstrated that while the duration of diabetes or the quality of its control had no relationship with plasma testosterone concentrations, the latter were inversely related to BMI (1, 2) . The subnormal free testosterone concentrations were associated with inappropriately low leutinizing hormone (LH) and follicle-stimulating hormone (FSH) concentrations, which responded with normal increases to gonadotropinreleasing hormone stimulation. These patients had a normal MRI of the brain and the pituitary. It was also demonstrated later that these patients with hypogonadotropic hypogonadism (HH) had significantly greater plasma concentrations of C-reactive protein (CRP), consistent with an increase in systemic inflammation (3) . This is suggestive of an increased potential of atherogenicity and insulin resistance. Indeed, several studies have shown that low testosterone concentrations constitute a risk for future cardiovascular events (4) . In addition, some studies have shown that subjects with low testosterone concentrations, irrespective of diabetes, have an increase in insulin resistance as measured by HOMA of insulin resistance (HOMA-IR) (5, 6) . Thus, it follows that patients with HH may have insulin resistance, and this may be mediated through an increase in inflammatory mediators that have been shown to interfere with insulin signaling. However, no study has delineated the impact of HH on insulin sensitivity in men with type 2 diabetes. Studies evaluating changes in insulin resistance (measured by HOMA-IR) after testosterone replacement in hypogonadal men with type 2 diabetes have shown inconsistent results (7) (8) (9) (10) . In any case, HOMA-IR is inadequate as an index of insulin resistance, especially in patients with type 2 diabetes, since b-cell loss and inadequate insulin secretion can lead to inappropriately low insulin concentrations and HOMA-IR. The best way to assess insulin resistance is through hyperinsulinemic-euglycemic (HE) clamps.
On the basis of the above, we hypothesized that patients with HH have an increase in insulin resistance and in inflammatory mediators, which may interfere with insulin signal transduction. In addition, we hypothesized that the replacement of testosterone suppresses inflammatory mediators, enhances the expression of elements of insulin signal transduction, and, thus, decreases insulin resistance. Finally, we also hypothesized that the antiinflammatory and insulin-sensitizing effects of testosterone replacement occur in parallel with the replacement of adipose tissue with lean body mass (muscle).
RESEARCH DESIGN AND METHODS
This was a randomized, parallel, placebocontrolled, double-blind, prospective, single-center trial to assess 1) the impact of HH on insulin resistance, inflammation, and body composition in men with type 2 diabetes and 2) the effects of intramuscular testosterone replacement on insulin sensitivity, inflammation, and body composition. The trial was conducted at the research center of the Division of Endocrinology, Diabetes and Metabolism, State University of New York at Buffalo (Buffalo, NY). The protocol was approved by the Human Research Board of the State University of New York at Buffalo. An informed consent was signed by all subjects.
Study Population
Male subjects with type 2 diabetes between the ages of 30 and 65 years, HbA 1c #8% (64 mmol/mol), and stable diabetes regimen for 3 months were recruited between December 2010 and January 2014 by advertisements. Subjects on androgens, glucocorticoids, or opiates in the last 6 months or with panhypopituitarism, congenital HH, prolactinoma, head trauma, severe hepatic or kidney disease (glomerular filtration rate ,30 mL/min/1.73 m 2 ), HIV, prostate-specific antigen (PSA) .4 ng/mL, or contraindications to testosterone replacement therapy (11) were excluded from the study.
At the screening visit, all subjects had the following laboratory tests performed in a fasting state in the morning: hemoglobin/hematocrit, serum electrolytes, creatinine, liver enzymes, testosterone, sex hormone-binding globulin (SHBG), and LH. Subjects then returned after 2 weeks for a repeat testosterone measurement. HH was defined as calculated free testosterone (cFT) concentration ,6.5 ng/dL on both occasions along with low or normal LH concentrations.
Men with normal cFT concentrations on both occasions were considered eugonadal. As per study design, symptoms were not considered for the diagnosis of hypogonadism.
Out of 186 people screened, 94 men qualified for and agreed to the study (50 men with normal cFT concentrations and 44 men with HH). Men with HH were randomized to testosterone (22 men) or placebo (22 men). Two men in testosterone group and eight men in placebo group dropped out. There were no differences in baseline characteristics of study completers and dropouts (Supplementary Table 1 ).
Study Design
Eugonadal subjects who qualified after the screening visit were asked to fill out a questionnaire regarding their mood and sexual symptoms for 7 days. They then underwent DEXA and MRI of abdomen. They returned in 7 days to undergo HE clamp studies. Subcutaneous fat biopsies were performed before the clamp. Men in HH group underwent the same procedures as eugonadal men at baseline. Upon completion of the clamp, they were given 250 mg testosterone cypionate (200 mg/mL; Watson Pharmaceuticals, Parsippany, NJ) or placebo (1.25 cc saline) intramuscularly in the buttock. Subjects returned to the study center every 2 weeks to receive study drug injection. Dose of testosterone was adjusted to keep cFT concentrations in normal range (6.5-25 ng/dL) (12) (Supplementary Fig. 1 ).
Subjects underwent HE clamp at week 3 to assess change in insulin sensitivity prior to any changes in body composition that were expected with testosterone therapy.
Subjects underwent end-of-study HE clamp and subcutaneous fat biopsy 1 week after the final study drug injection (23 weeks after the first study drug injection). Subjects also had DEXA and MRI measurements within 7 days of HE clamp. Thus, the total study duration was 24 weeks.
Study Procedures

HE Clamp
Insulin clamp was started with a priming dose of short-acting human insulin (Humulin R; Eli Lilly & Co., Indianapolis, IN) given over 10 min and then an infusion at the rate of 80 mU/m 2 /min (13). The normalization factor used is calculated by GeneNorm software and is based on the values of all housekeeping genes used.
Western Blotting
MNCs and adipose tissue total cell lysates were prepared and electrophoresis and immunoblotting were carried out as described before (20) . Polyclonal antibodies against IR (Abcam, Cambridge, MA), AKT-2, SOCS-3, IKK-b, and actin (Santa Cruz Biotechnology, Santa Cruz, CA) were used, and all values were corrected for loading to actin.
Plasma Measurements
Glucose concentrations were measured in plasma by a YSI 2300 STAT Plus glucose analyzer (Yellow Springs, OH). Free fatty acid (FFA) levels were measured by a colorimetric assay (Wako Chemicals, Richmond, VA). ELISA was used to measure plasma concentrations of insulin (EMD Millipore, Billerica, MA), and CRP was measured using ELISA assay (American Diagnostica, Inc.). Leptin, adiponectin, tumor necrosis factor (TNF)-a, and interleukin (IL)-1b were measured by ELISA (R&D Systems, Minneapolis, MN).
Sexual Function and Mood Questionnaire
The subjects were asked to complete a questionnaire daily for seven consecutive days (21, 22 ). The subjects assessed their level of sexual desire, sexual enjoyment, and satisfaction of erection using a 7-point Likert-type scale (0-7) and assessed the percentage of full erection from 0 to 100%. The subjects rated their mood using a 0-7 score. The parameters assessed included positive mood responses (alert, full of pep, friendly, well/good) and negative mood responses (angry, irritable, sad or blue, tired, nervous). Weekly average scores were calculated.
Safety Tests
Hemoglobin, hematocrit, and PSA were measured at week 15. Digital rectal exams were done at baseline and at week 15.
Statistical Analysis
Group comparisons were performed by two-sided t tests, Mann-Whitney rank sum tests, and x 2 tests as appropriate. Adjustment for variables in group comparisons was done with ANCOVA and generalized linear model analysis. Data that were not normally distributed (Kolmogorov-Smirnov test) were log transformed to perform the parametric statistical tests. Pearson correlation and multiple linear regression analyses between variables were done using SPSS software (SPSS, Chicago, IL). Data are presented as means 6 SD (or means 6 SE where indicated) for normally distributed data and median [25th, 75th percentile] for nonnormal data. P , 0.05 was considered significant. Results for posttreatment group comparisons are presented as mean difference (95% CI). Correction for multiple testing was not considered because there was only one primary end point (insulin sensitivity).
The exploratory secondary end points (body composition and inflammation) were designed to study the mechanisms underlying change in insulin sensitivity.
Sample Size Calculation
The primary end point of the study was to detect a difference in insulin sensitivity as measured by whole-body glucose uptake during HE clamp in subjects treated with testosterone for 24 weeks compared with placebo. The change from baseline in primary end point was compared by generalized linear model analysis between the testosterone and placebo arms. We conservatively estimated a change in whole-body glucose uptake of 20% in the testosterone arm compared with placebo. Assuming a dropout rate of 25%, we estimated that 22 patients per treatment arm should provide adequate power (b = 0.2) to detect a significant difference (a = 0.05) between the treatment arms provided the SD of the residuals is not equal to or greater than the mean difference.
RESULTS
Comparison of Eugonadal and Hypogonadal Men
All measures of fat mass were greater in men with HH with the notable exception of hepatic fat. Total lean mass was higher in men with HH, while lean mass when expressed as a percentage of total body weight was lower in men with HH compared with eugonadal men (58 6 5% vs. 62 6 7%, respectively, P = 0.003), consistent with previous studies (23) . Men with HH scored lower on measures of sexual function compared with eugonadal men.
Men with HH were more insulin resistant than eugonadal men as evidenced by lower GIR (by 36%) during HE clamps (Table 1) . GIR was inversely related to visceral fat (r = 20.63, P , 0.001), hepatic fat (r = 20.30, P = 0.02), total body subcutaneous fat (r = 20.48, P , 0.001), and BMI (r = 20.54, P , 0.001). GIR was positively related to total testosterone (r = 0.50, P , 0.001), free testosterone (r = 0.41, P , 0.001), cFT (r = 0.45, P , 0.001), and SHBG (r = 0.35, P = 0.002) concentrations. GIR was not related to age (r = 0.12, P = 0.32). In a multivariate regression analysis model that included free testosterone, visceral fat, hepatic fat, and subcutaneous fat as independent variables and GIR as the dependent variable, visceral fat was the only determinant of GIR in both eugonadal men (b = 20.48, P = 0.03) and in men with HH (b = 20.74, P = 0.02).
We compared the GIR among men with and without HH after adjustment for visceral fat, hepatic fat, and total body subcutaneous fat difference between the two groups. After this adjustment, the GIR between the two groups was not different (Table 1) .
Basal Insulin Signaling Mediators
The expression of genes that mediate insulin signaling, IR-b, IRS-1, AKT-2, and GLUT4, was significantly lower in the adipose tissue from HH men compared with eugonadal men (Fig. 1) , while there was no significant difference in the expression of these genes in the MNC between the groups (data not shown).
Basal Inflammatory Mediators
There was no significant difference in the serum concentrations of FFA, leptin, adiponectin, and inflammatory mediators (CRP, IL-1b, and TNF-a) of men with or without HH (Table 1) . There was also no difference between HH and eugonadal men in basal mRNA expression of proinflammatory mediators known to interfere with insulin signaling including JNK-1, IKK-b, SOCS-3, PTP-1B, and TLR-4 in MNC and in adipose tissue (data not shown).
Results of Testosterone Treatment
The men randomized to testosterone or placebo arms were similar in age, duration of diabetes, or use of antidiabetes medications (Supplementary Table 2 ). There was no significant difference in any of the baseline measures of body composition, insulin sensitivity, or inflammation of men randomized to testosterone or placebo arms (Table 2) . There was a significant increase in testosterone and estradiol concentrations after testosterone treatment ( Table 2 ). The changes in free testosterone and free estradiol were positively related (r = 0.61, P = 0.04).
Three Weeks
Subjects returned in 3 weeks after the study drug for an HE clamp. There was no significant change in body weight in the testosterone group compared with placebo (mean difference 2.6 kg [95% CI 21.9, 7.0], P = 0.25). The GIR also did not change (mean difference 20.25 mg/kg/min [21.6, 1.1], P = 0.70).
Study End Points at Completion (23 Weeks)
The results are presented in Table 2 .
Glucose, Insulin, and Lipid Concentrations
There was no change in HbA 1c , but there was a significant reduction in the mean fasting glucose concentration in the testosterone-treated group compared with placebo group. Plasma insulin concentrations fell significantly in the testosterone-treated group. Only two subjects, both in placebo group, reported a change in their diabetes drugs by their physicians. In one subject, glargine dose was increased, and in the other, sulfonylurea dose was increased. There was no change in serum lipid concentrations.
Body Composition
Subjects receiving testosterone therapy had an increase in lean body mass and a decrease in subcutaneous, but not visceral or hepatic, fat mass ( Table 2 ). The changes in lean mass and subcutaneous fat mass in testosterone group were inversely related (r = 20.47, P = 0.05).
Insulin Sensitivity
Treatment with testosterone for 6 months increased glucose uptake during HE clamp by 32% ( Table 2 ). The change in insulin sensitivity in the testosterone group was not related to the change in lean mass (r = 0.34, P = 0.16), subcutaneous fat (r = 20.27, P = 0.91), visceral fat (r = 20.32, P = 0.91), hepatic fat (r = 20.14, P = 0.63), or baseline GIR (r = 20.26, P = 0.18). The change in GIR in testosterone group was significantly higher than that in placebo group even after adjustment for baseline GIR, visceral fat, hepatic fat, and subcutaneous fat (mean difference 2.07 mg/kg fat-free mass/min [95% CI 0.06, 4.08], P = 0.04). The change in insulin sensitivity in testosterone group was not related to the change in free testosterone (r = 20.05, P = 0.85) or free estradiol concentrations (r = 20.04, P = 0.9).
Insulin Signaling Mediators
The expression of insulin signaling genes, IR-b, IRS-1, AKT-2, and GLUT4, was significantly upregulated in adipose tissue after testosterone treatment (Fig. 2) . There was no change in the expression of these genes in the MNC (data not shown).
Inflammatory Mediators
After testosterone treatment in HH men, there was a significant fall in circulating levels of FFA, CRP, IL-1b, TNF-a, and leptin (Table 2) , while there was no significant change in adiponectin concentrations. Except for IL-1b, the changes after testosterone treatment were significantly different compared with placebo by week 15 ( Supplementary Fig. 2 ). In the MNC, testosterone therapy suppressed the mRNA expression of the proinflammatory and insulin resistance mediators SOCS-3, IKK-b, and PTEN as well as protein levels of SOCS-3 compared with placebo treatment in HH men (P , 0.05) (Supplementary Fig. 3 ). These changes were apparent at 15 weeks after the start of the treatment (data not shown). There was no change in TLR-4, PTP-1B, or JNK-1 mRNA or protein after testosterone or placebo treatments (data not shown).
In the adipose tissue, testosterone treatment reduced the mRNA expression of PTP-1B and TLR-4 but not of other proinflammatory genes that interfere with insulin signaling (SOCS-3, IKK-b, JNK-1, and PTEN). Testosterone treatment also suppressed the protein levels of PTP-1B compared with placebo ( Supplementary Fig. 4 ).
Sexual Function
Subjects randomized to testosterone had improvement in some measures of sexual function (Table 2 ). There was a modest reduction in testicular size (3 mL) with testosterone therapy.
Safety End Points
PSA, hemoglobin, and hematocrit concentrations were measured at week 15. PSA concentrations did not change during the study (mean difference between groups 0.11 ng/mL [95% CI 20.11, 0.32], P = 0.82). Hemoglobin and hematocrit concentrations increased by mean between-group difference (95% CI) of 0.54 g/dL (20.19, 1.27) and 2.3% (0.2, 4.8), respectively (P = 0.10 and 0.03). No subject developed hemoglobin .18 g/dL, hematocrit .55%, supranormal PSA concentrations (.4 ng/mL), or a prostate nodule during the trial.
CONCLUSIONS
Our results show clearly that the state of HH in patients with type 2 diabetes is associated with a significant increase in insulin resistance as reflected in decreased GIR by 36%. Consistent with this, there was a marked reduction in the expression of IR-b, IRS-1, AKT-2, and GLUT4, the major genes mediating insulin signaling responsible for glucose transport. Since the difference in GIR between the two groups was not significant after correction for adiposity (especially visceral fat), the lower insulin sensitivity of men with HH is probably due to increased adiposity.
After testosterone administration, there was a significant reduction in total and truncal fat mass (by ;3 kg overall) and an increase in lean body mass by ;3 kg without a net change in body weight, consistent with other testosterone replacement studies (22, 24) . In parallel with this, there was an increase in insulin sensitivity as reflected in 32% increase in GIR, but the increase in insulin sensitivity was related neither to changes in lean body mass nor to fat mass. However, there was a significant increase in the expression of IR-b, IRS-1, AKT-2, and GLUT4 in adipose tissue, which provides a mechanistic explanation for the increase in insulin sensitivity. Testosterone administration also induced a reduction in FFA concentrations, probably through the suppression of lipolysis. FFAs are known to induce oxidative and inflammatory stress and to interfere with insulin signal transduction (25, 26) . The improvement in insulin sensitivity after testosterone treatment was also associated with suppression of other inflammatory mediators, which interfere with insulin signaling. These included IKK-b, SOCS-3, and PTEN in MNC and TLR-4 and PTP-1B in adipose tissue. While SOCS-3 interferes with insulin signal transduction by causing the ubiquitination and proteasomal degradation of IRS-1 (27) , IKK-b induces serine phosphorylation of IRS-1 and thus prevents insulin signal transduction though IRS-1 (28) . PTP-1B dephosphorylates the insulin receptor after the autophosphorylation by tyrosine kinase and thus limits insulin signaling (29) . The expression of PTEN, another protein that interferes with insulin signaling (30) , was also suppressed in MNC after testosterone treatment. While many studies have documented a decrease in CRP with testosterone replacement (31) (32) (33) , the suppression of these mediators of insulin resistance in the adipose tissue and MNC of obese humans with testosterone treatment was not demonstrated before. However, we cannot state whether they are the direct actions of testosterone or are indirectly mediated by changes in adiposity.
Prior studies in men with type 2 diabetes have investigated the effect of testosterone therapy on insulin sensitivity by calculating HOMA-IR (7, 8) . The results, however, have not been consistent (10) . This study is the first to demonstrate the insulin-sensitizing effect of testosterone therapy through the use of HE clamp in hypogonadal men with type 2 diabetes, consistent with Data are means 6 SD, except for LH, FSH, PSA, and triglycerides, which were not normally distributed and are reported as median [25th, 75th percentile]. All patients had testosterone concentrations measured twice at baseline. The concentrations for total, free, and calculated free testosterone are an average of the two measurements.
studies in obese men without diabetes (34) (35) (36) (37) . In contrast, studies in nonobese men do not show a change in insulin sensitivity after testosterone replacement (24, 38, 39) . It is possible that testosterone-induced increase in insulin sensitivity occurs only in obese and insulin-resistant men.
We did not observe a change in HbA 1c despite a marked decrease in insulin resistance. However, we observed a significant decrease in fasting glucose concentrations after testosterone therapy. It is possible that the duration of the study was too short to induce a change in HbA 1c , especially in the context of relatively low baseline HbA 1c concentrations (mean 7.0 6 1.1% [53 6 12 mmol/mol]). Previous trials of testosterone therapy on glycemic control have been mixed (8, 10) ; some studies have shown a benefit (9,40), while others have not (7, 41) . Although our data provide evidence that testosterone increases insulin sensitivity and fasting glucose concentrations, longer-term studies will be required to establish whether it can improve overall diabetes control.
While there were no significant differences in inflammation or fat massadjusted insulin sensitivity at baseline among hypogonadal and eugonadal men, testosterone therapy clearly induced an improvement in both these parameters. This could be because the difference in cFT concentrations between hypogonadal and eugonadal men (4.4 ng/dL) was much lower than the increase in cFT concentrations after testosterone therapy (12.2 ng/dL).
The major limitation of our study was a high rate (36%) of dropouts in the placebo arm compared with testosterone arm (9%). The predominant reason was lack of time to follow the study protocol in entirety. The overall dropout rate in the study (23%) was lower than HH vs. eugonadal) . The protein levels of IR-b subunit and AKT-2 were lower by 24% and 21%, respectively, in men with HH (P , 0.05). We were unable to detect an evaluable protein signal for IRS-1 and GLUT4, possibly due to quality of antibodies used. Data are represented as mean 6 SE. Densitometry is corrected for loading using actin protein levels. *P , 0.05 by t test.
the rate accounted for in the study design (25%) and was similar to that in other studies (8) . The clinical characteristics of the patients who dropped out were similar to those who completed the study. Since the changes in body composition, insulin sensitivity, and inflammation occurred simultaneously, we are unable to determine which of these factors was the primary driver of these changes. Lastly, our study was 6 months in duration, and, therefore, longer-term studies will be required to establish the durability of these effects. We conclude that testosterone treatment in hypogonadal men with type 2 diabetes has insulin-sensitizing and anti-inflammatory effects in addition to a reduction in adiposity and an increase in the lean body mass. The increase in the expression of genes related to insulin signal transduction and the suppression of genes interfering with the action of insulin probably account for this insulinsensitizing effect. There is also an improvement in sexual function. Future long-term studies will determine whether these effects are sustained in the long term and whether they translate into an improvement in clinical outcomes. Charitable Fund, and the Millard Fillmore Foundation. No other potential conflicts of interest relevant to this article were reported. Author Contributions. S.D. planned and executed the study, wrote the manuscript, and performed the statistical analysis. H.G. analyzed samples, performed statistical analyses, and wrote the manuscript. M.B., N.D.K., S.S., A.M., and A.C. executed the study and reviewed the manuscript. S.A. and K.G. analyzed samples. J.H. executed the study. M.P. analyzed MRI images. P.D. put forth the hypothesis, planned and interpreted the study, and wrote the manuscript. S.D. is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.
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